Susceptibility of planetary atmospheres to mass loss and growth by
  planetesimal impacts: the impact shoreline by Wyatt, M. C. et al.
MNRAS 000, 1–23 (2019) Preprint 25 October 2019 Compiled using MNRAS LATEX style file v3.0
Susceptibility of planetary atmospheres to mass loss and
growth by planetesimal impacts: the impact shoreline
M. C. Wyatt1?, Q. Kral2, C. A. Sinclair1
1 Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK
2 LESIA, Observatoire de Paris, Universite´ PSL, CNRS, Sorbonne Universite´, Univ. Paris Diderot, Sorbonne Paris Cite´, 5 place Jules Janssen, 92195 Meudon, France
25 October 2019
ABSTRACT
This paper considers how planetesimal impacts affect planetary atmospheres. Atmo-
sphere evolution depends on the ratio of gain from volatiles to loss from atmosphere
stripping fv; for constant bombardment, atmospheres with fv < 1 are destroyed in
finite time, but grow linearly with time for fv > 1. An impact outcome prescription is
used to characterise how fv depends on planetesimal impact velocities, size distribution
and composition. Planets that are low mass and/or close to the star have atmospheres
that deplete in impacts, while high mass and/or distant planets grow secondary at-
mospheres. Dividing these outcomes is an fv = 1 impact shoreline analogous to Zahnle
& Catling’s cosmic shoreline. The impact shoreline’s location depends on assumed
impacting planetesimal properties, so conclusions for the atmospheric evolution of a
planet like Earth with fv ≈ 1 are only as strong as those assumptions. Application to
the exoplanet population shows the gap in the planet radius distribution at ∼ 1.5R⊕ is
coincident with the impact shoreline, which has a similar dependence on orbital period
and stellar mass to the observed gap. Given sufficient bombardment, planets below the
gap would be expected to lose their atmospheres, while those above could have atmo-
spheres enhanced in volatiles. The level of atmosphere alteration depends on the total
bombardment a planet experiences, and so on the system’s (usually unknown) other
planets and planetesimals, though massive distant planets would have low accretion
efficiency. Habitable zone planets around lower luminosity stars are more suscepti-
ble to atmosphere stripping, disfavouring M stars as hosts of life-bearing planets if
Earth-like bombardment is conducive to the development of life.
Key words: circumstellar matter – stars: planetary systems: formation.
1 INTRODUCTION
There are now over four thousand known exoplanets. Many
are seen to transit in front of their host stars enabling study
of their atmospheres. Atmosphere characterisation is possi-
ble not only for gas giant planets (Charbonneau et al. 2002),
but also for Earth-sized planets in the habitable zone (e.g.,
de Wit et al. 2018). Characterisation of exoplanet atmo-
spheres is expected to become easier as planets are found to
transit around brighter stars (e.g., Rauer et al. 2014; Huang
et al. 2018), and it is within our reach to search for evidence
of extraterrestrial life in exoplanet atmosphere observations
(e.g., Kaltenegger 2017; Defre`re et al. 2018). As such it is
important to understand the processes responsible for the
origin and evolution of planetary atmospheres (Kasting &
Catling 2003). Not only will this help with the interpre-
tation of exoplanet atmosphere observations, in turn con-
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straining those formation and evolution processes, but also
allow consideration of issues such as how conditions on plan-
etary surfaces evolve. It is not yet fully understood how these
processes played out on the Solar system’s terrestrial plan-
ets (e.g., Prinn & Fegley 1987; Lammer et al. 2018), which
nevertheless provide valuable constraints, particularly in the
regime of low mass and/or habitable planets.
In general it might be considered that a planet could
acquire an atmosphere during its formation, by accretion of
either gas from the protoplanetary disk (predominantly H
or He, Lammer et al. 2014), or of solids containing volatiles
(such as water or CO2) that are outgassed during accretion
(Elkins-Tanton & Seager 2008). That atmosphere could then
evolve due to internal processes, such as the dissipation of
the planet’s initial gravitational and thermal energy (which
promote atmospheric mass loss), outgassing of volatiles orig-
inally locked within the planet (Craddock & Greeley 2009;
Elkins-Tanton 2012; Godolt et al. 2019), and geological pro-
cesses such as the subduction of CO2 (e.g., Walker et al.
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1981; Zahnle et al. 2007). External processes could also be
at play, such as irradiation by the central star (that also
promotes atmospheric mass loss through photoevaporation)
and impacts from planetesimals (which can both strip the
atmosphere and deliver volatiles to it).
The broad properties of the exoplanet population can
be explained with a subset of the processes mentioned
above. For example, the core accretion paradigm in which gi-
ant planets accrete significant atmospheres once their cores
reach  1 − 10M⊕ (Pollack et al. 1996; Brouwers et al.
2018) is successful at explaining the distribution of plane-
tary masses and radii (e.g., Jin & Mordasini 2018). Planets
smaller than 1.6R⊕ are inferred to have (at most) tenuous
atmospheres, while those up to ∼ 4R⊕ have atmospheres
with a few % by mass, though there is some degeneracy
when inferring atmosphere mass depending on whether the
planet’s mass is dominated by volatiles (Rogers 2015; Lo-
zovsky et al. 2018). There is direct evidence for photoevap-
orative mass loss in some systems (e.g., Vidal-Madjar et al.
2003), which when applied to the broader population can ex-
plain the absence of large planets at small orbital distances
(e.g., Lecavelier Des Etangs 2007). Most recently a gap in
the distribution of planetary radii at ∼ 1.5R⊕ (Fulton et al.
2017; Van Eylen et al. 2018) has also been explained by pho-
toevaporation by stellar X-rays that are prevalent during the
first 100 Myr or so of a star’s life (Jackson et al. 2012); more
massive atmospheres are not lost on this timescale and so
can be retained, while those below this level are destroyed
(Owen & Wu 2017; Lehmer & Catling 2017). An alternative
explanation for this gap has also been given as mass loss
driven by the luminosity of the cooling core (Ginzburg et al.
2018).
A similar story applies to the planets and moons in the
Solar system, for which the presence or absence of an atmo-
sphere is determined by the ratio of insolation to escape ve-
locity to the fourth power, creating a cosmic shoreline that
may be explained by hydrodynamic thermal escape or ir-
radiation (Zahnle & Catling 2017). However, Solar system
studies also highlight the potential contribution of impact-
ing planetesimals (e.g., Cameron 1983; Ahrens 1993). For
example, Zahnle et al. (1992) noted that the difference be-
tween Titan’s atmosphere and the lack of one on Ganymede
and Callisto could be explained by the lower impact velocity
onto Titan which can thus retain an impact generated at-
mosphere, and impacts are thought to be responsible for the
erosion of Mars’ primordial atmosphere (Melosh & Vickery
1989). Indeed Zahnle & Catling (2017) note that the cosmic
shoreline may alternatively be explained by impact erosion,
but do not consider that possibility in as much detail be-
cause of uncertainties in how to model this. The Earth’s
atmosphere is also thought to have been affected by im-
pacts, having its origin in a combination of gas from the
protosolar nebula and accreted cometary volatiles (Owen &
Bar-Nun 1995; Dauphas 2003), with impacts also postulated
as the origin of the Earth’s oceans (Chyba 1990), as well as
a means of delivering organic molecules (Chyba et al. 1990).
This interpretation is however challenged by the detailed
volatile compositions of Earth and comets, which suggest
that comets are not the dominant reservoir (Marty et al.
2016), though the picture for noble gases is more compli-
cated (Marty et al. 2017; Zahnle et al. 2019).
Clearly there are many competing processes that affect
atmosphere evolution. This paper focusses on one of those
processes, which is the effect of planetesimal impacts, both
their role in stripping a pre-existing atmosphere, and in de-
livering volatiles to replenish that atmosphere. These pro-
cesses have previously been applied to consideration of the
evolution of Solar system terrestrial planets (e.g., Melosh &
Vickery 1989; Svetsov 2007; de Niem et al. 2012; Schlicht-
ing et al. 2015; Pham & Karatekin 2016). However, there
are differences in the prescriptions for the outcome of colli-
sions between these studies, as well as in their assumptions
about the impactors, which lead to slightly different conclu-
sions. These studies are nevertheless converging on the most
appropriate prescription, with analytical considerations of
the underlying physics of impacts (Schlichting et al. 2015)
in broad agreement with numerical simulations (Shuvalov
2009), for example in the conclusion that mass loss should
be dominated by impacts with planetesimals a few km in
size. Giant impacts are generally considered to play a less
significant role in atmosphere evolution (e.g., Genda & Abe
2003; Schlichting & Mukhopadhyay 2018), though these can
provide an element of stochasticity to explain different at-
mosphere properties seen in the same system (Griffith &
Zahnle 1995; Biersteker & Schlichting 2019), could be more
important for planets with oceans (Genda & Abe 2005), and
may promote degassing explaining some features of the at-
mosphere of Venus (Gillmann et al. 2016).
While the parameterisation of Shuvalov (2009) can be
extended across a wide range of parameter space, these mod-
els for impact driven atmosphere evolution have not yet been
applied to the broader range of planets in the exoplanet pop-
ulation, except in the case of the TRAPPIST-1 planetary
system (Kral et al. 2018). This paper aims to address ex-
actly this topic, for example to consider the possibility of
an impact shoreline that determines whether planets (and
moons) have an atmosphere. It starts in §2 by considering
how atmospheres evolve with a very basic prescription for
the outcome of impacts. The simulations of Shuvalov (2009)
are then used in §3 to develop a more detailed model which is
applied to atmospheres across a broad range of planet mass
and distance from stars of different types. The results are
summarised in §4, where the model is also applied to the
exoplanet population to consider what effect impacts may
have had on their observable properties, and to the Solar
system planets to consider how conclusions for atmosphere
evolution depend on assumptions about the impacting plan-
etesimals.
2 SIMPLE ATMOSPHERE EVOLUTION
MODEL
Consider a model in which a planet’s atmosphere has a total
mass m = mp + mv which is made up of a primordial com-
ponent (mp) and a volatile component (mv) that is delivered
later (to replenish a secondary atmosphere) by planetesimal
impacts that also lead to atmospheric mass loss. We will as-
sume that atmospheric mass is lost at a rate Ûm− and that
volatiles are delivered at a rate Ûm+v , so that Ûm = Ûm+v − Ûm− and
Ûmp = −(mp/m) Ûm−.
If both of these rates are constant the resulting evolu-
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Figure 1. Simple model for the evolution of atmospheric mass
in which the rates of gain (due to accretion of volatiles that re-
plenishes a secondary atmosphere) and loss (that depletes both
primordial and secondary atmospheres) are assumed to be con-
stant. The evolution depends only on the ratio of the gain and
loss rates given by the parameter fv, six different values of which
are shown with different colours as noted in the annotation. The
solid lines show the total atmospheric mass, which is made up of
a primordial component shown with dashed lines and a secondary
component shown with dotted lines.
tion of the atmospheric mass is
m/m0 = 1 + ( fv − 1)t/t0, (1)
mp/m0 = (m/m0)
1
1− fv , (2)
and mv = m − mp, where m0 is the initial atmospheric mass
(all of which is primordial), fv = Ûm+v / Ûm− is the ratio of at-
mospheric mass gain and loss rates, and t0 = m0/ Ûm− is the
time it would take to deplete the primordial atmosphere in
the absence of any gain from volatile delivery.
The evolution from this simple model is plotted in Fig. 1
for a range of its only free parameter fv. While this over-
simplifies the problem, since these rates ( Ûm+v and Ûm−) are
expected to have a dependence on atmospheric mass which
is itself varying, it serves to illustrate an important point.
This is that the evolution depends critically on the parame-
ter fv which determines whether, overall, atmospheres gain
or lose mass in planetesimal collisions. If they gain mass
(i.e., if fv > 1) then atmospheres grow linearly with time for
t/t0  1 becoming dominated by the secondary component
(see e.g. the fv = 2, 10 and 100 lines on Fig. 1). If on the
other hand they lose mass (i.e., if fv < 1) then while the
secondary component starts to grow in mass, this growth
will eventually be reversed and the whole atmosphere will
deplete to zero in a finite time (see e.g. the fv = 0.1 and 0.8
lines on Fig. 1). Either way the atmospheric composition
becomes more volatile rich with time.
3 PHYSICALLY BASED ATMOSPHERE
EVOLUTION MODEL
The model of §2 can be improved using a prescription for
the outcome of planetesimal impacts. Here, similar to Kral
et al. (2018), we use the results of Shuvalov (2009) which
considered simulations of planetesimals of sizes in the range
1− 30 km impacting at 10− 70 km s−1 onto planets that have
Earth-like atmospheres. These results can be scaled to arbi-
trarily large or small impactors, impact velocities and atmo-
spheric densities, in a way that can be understood within a
framework that describes the underlying physics (Schlicht-
ing et al. 2015). However, care is needed when applying the
results outside the range of the original simulations, since
the relevant physics may be different for impacts in different
regimes. In particular, the Shuvalov (2009) prescription is
only valid for impactors that reach a planet’s surface caus-
ing a cratering-like event and local atmospheric mass loss,
whereas for small impactors, or for those interacting with
very dense atmospheres, the impactors can be decelerated
and may fragment or undergo an aerial burst before reach-
ing the surface. At the other extreme, massive impactors
can send shock waves through the planet causing non-local
atmospheric loss, which is not accounted for by Shuvalov
(2009). Aerial bursts have been studied (e.g., Shuvalov et al.
2014), but the prescriptions that are available are not gen-
eral enough to be useful for the current study, and so such
effects are ignored for now, and this caveat will be discussed
further in §4.3. Giant impacts are discussed in §4.2 where it
is shown that they only become important for atmospheres
that contain a substantial fraction of the planet’s mass.
3.1 Assumptions about planet atmosphere
The starting point of the model is to define the planet’s
atmosphere, which is assumed to be isothermal at tempera-
ture T = 278L1/4? a
−1/2
p K, where L? is the stellar luminosity
in units of L and ap is the semimajor axis in au of the
planet’s orbit (which is assumed to be circular). The pa-
rameters used in this paper and their units are summarised
in Table A1. This temperature sets the scale height of the
planet’s atmosphere H = kT/(µmHg), where k is Boltzmann’s
constant, µ is the mean molecular weight of the atmosphere,
mH is the mass of Hydrogen, and g = GMpR−2p is the planet’s
surface gravity, Mp is the planet’s mass (which will be in
M⊕ throughout) and Rp its radius (at the solid surface).
Note that later equations will be expressed in terms of the
planet’s mass and mean density (ρp), rather than its mass
and radius (these quantities being related by assuming a
spherical planet). Later plots will also consider planet den-
sity to be ρp = ρ⊕ = 5.5 g cm−3, though we might equally
have included a dependence on mass or composition (e.g.,
from Lopez & Fortney 2014; Zeng et al. 2016, a dependence
of ρp ∝ M0.19−0.25p can be inferred). We will consider two
bounding cases for µ, which is that of a primordial (solar)
composition µ = 2.35, and that of a volatile-rich (Earth-
like) composition µ⊕ = 29.
Combining these assumptions gives for the atmospheric
scale height
H = H0L
1/4
? a
−1/2
p M
−1/3
p ρ
−2/3
p µ
−1, (3)
where ρp is the planet’s density in g cm−3, and H0 = 0.73 ×
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106 m (meaning that these assumptions give H⊕ = 8100m for
the Earth). We will assume H  Rp throughout, which for
the given assumptions means that the results are applicable
to planets with Mp  0.017L3/8? ρ−1/2p µ−3/2a−3/4p ; this only
excludes extremely low mass planets that are very close to
the star, which are not seen yet in the exoplanet population
and are not considered here. This means that the total at-
mospheric mass (m) scales with the atmospheric density at
the planet’s surface (ρ0) according to m ≈ 4piHR2p ρ0, where
for the Earth m⊕ = 0.85 × 10−6M⊕. In some of the analy-
sis the atmosphere mass will be defined by its ratio to the
planet mass, δ = m/Mp, with atmospheres starting out with
a mass m0 = δ0Mp, and the Earth having δ⊕ = 0.85 × 10−6.
The above assumptions also mean that the pressure at the
planet’s surface is
p/p⊕ = (ρp/ρ⊕)4/3(Mp/M⊕)2/3(δ/δ⊕), (4)
where p⊕ is the pressure at the Earth’s surface.
For atmospheres significantly more massive than that
of the Earth the assumption that they are isothermal is no
longer valid. The outermost regions will still be isothermal
for such atmospheres, but there is a significant portion below
this which may be adiabatic down to the surface. While sim-
ple prescriptions for the structure of such atmospheres exist
(e.g., Owen & Wu 2017), here we prefer to leave consider-
ation of massive atmospheres, such as those with δ ≈ 1%
seen in the transiting exoplanet population (e.g., Wolfgang
& Lopez 2015; Fulton et al. 2017), to a future study.
3.2 Outcome of individual impacts
The outcome of a collision with a planetesimal of diam-
eter D and density ρimp at an impact velocity vimp is
determined by the dimensionless parameter (called ero-
sional efficiency by Shuvalov 2009) η = (D/H)3[(vimp/vesc)2 −
1][ρimpρps/(ρ0(ρimp + ρps))], where vesc =
√
2GMp/Rp is the
planet’s escape velocity, and ρps is the density of the planet
at its surface which will be assumed to be equal to ρp (i.e.,
the planet is assumed to have uniform density throughout).
Given the assumptions about the planet’s atmosphere in §3.1
this means that
η = η0L
−1/2
? apM
4/3
p ρ
5/3
p m
−1µ2D3(1 + ρp/ρimp)−1 ×
[(vimp/vesc)2 − 1], (5)
where η0 = 0.5 × 10−18 for other parameters in the units
of Table A1 (i.e., with m in M⊕ and D in m). For ex-
ample, η = 8.5 × 10−9D3 for impacts onto the Earth with
vimp/vesc = 2 and ρp/ρimp = 2 (so that the last two parenthe-
ses cancel). According to Shuvalov (2009) the atmospheric
mass lost due to this impactor per impactor mass (where
mimp = (pi/6)ρimpD3) is given by
matmloss(D)/mimp = [(vimp/vesc)2 − 1]χa, (6)
where log χa = −6.375 + 5.239 log η − 2.121(log η)2 +
0.397(log η)3 − 0.037(log η)4 + 0.0013(log η)5 for log η < 6. To
avoid the unphysical extrapolation to large η in the param-
eterisation of Shuvalov (2009), we extrapolate from a fit to
their results in the range log η = 4 − 6 to find a prescription
for log η ≥ 6 of log χa = 0.4746 − 0.6438 log η that is consis-
tent with Schlichting et al. (2015). The mass gain due to this
Figure 2. Change in planet mass due to a collision with an im-
pactor at different levels of impact velocity relative to the planet’s
escape speed shown with different lines. Atmospheric mass lost
per impactor mass is shown in blue, and the fraction of the im-
pactor mass that is retained by the planet is shown in red or
green for ρp/ρimp = 6 or 2 respectively. The x-axis scales with
the impactor diameter as given in eq. 5. All calculations use the
prescription in Shuvalov (2009).
impactor per impactor mass is given by
mimpacc(D)/mimp = [1 − χpr], (7)
where χpr = 0 for η < 10, χpr =
min[0.07(ρp/ρimp)(vimp/vesc)(log η − 1), 1] for 10 < η < 1000,
and χpr = min[0.14(ρp/ρimp)(vimp/vesc), 1] for η > 1000
(η > 1000 being the airless limit noted in Shuvalov 2009, for
which atmosphere drag is negligible for plume expansion).
The prescriptions from eqs. 6 and 7 are shown in Fig. 2.
The large scale features of this figure were discussed in Shu-
valov (2009) and Schlichting et al. (2015). That is, atmo-
spheric mass loss is most efficient for planetesimals in the
middle of the size range (approximately km-sized for Earth-
like atmospheres), because larger planetesimals can only re-
move up to the atmospheric mass in the local vicinity of the
impact (i.e., the polar cap), while smaller planetesimals do
not impart sufficient energy to the atmosphere to remove sig-
nificant mass. For example, Fig. 2 shows that the most ero-
sive planetesimals for vimp/vesc = 10 remove approximately
twice their own mass from the atmosphere. Similarly, all of
the mass of small planetesimals is retained, but for larger
planetesimals much of their mass is lost from the planet as
it has too much energy to remain bound (except at very
low impact velocities). Setting eq. 7 to zero shows that this
transition occurs at the size for which η = ηmaxret, where
ηmaxret = 101+14(vesc/vimp)(ρimp/ρp) (8)
for vimp/vesc > 7.1ρimp/ρp (and ηmaxret = ηmax for lower im-
pact velocities).
Fig. 2 highlights that the most important free param-
eter that determines mass loss and gain by the planet in
this prescription is the ratio of the impact velocity to the
planet’s escape speed. Larger impact velocities result in both
MNRAS 000, 1–23 (2019)
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greater levels of atmospheric mass loss and less retention
of impactor mass (through a decrease in the impactor size
that can be retained). The only other variable is the ra-
tio of the planet’s density to that of the impactor, ρp/ρimp,
which affects the impactor mass that can be retained. Im-
pactors that have larger densities (e.g., ρp/ρimp = 2 might
correspond to asteroid-like objects impacting the Earth) can
be retained up to larger sizes than those of lower densities
(e.g., ρp/ρimp = 6 might correspond to comet-like objects
impacting the Earth).
3.3 Outcome of multiple impacts
To determine the effect of multiple impacts onto a planetary
atmosphere requires an assumption about the size distribu-
tion of impactors. Here we assume that there is a power law
size distribution of impactors characterised by the exponent
α, such that the number in the size D to D + dD is n(D)dD
where n(D) ∝ D−α. An infinite collisional cascade of planetes-
imals with dispersal threshold independent of size would be
expected to have α = 3.5 (Dohnanyi 1969), but deviations
from this can be expected due to size dependent strength
among others things (see e.g., Wyatt et al. 2011), so we
leave this as a free parameter. The distribution is assumed
to extend from small objects of size Dmin up to a size of Dmax.
For now we will work on the assumption that this range is
large enough to have no effect on the mass budget, because
mass loss and gain is dominated by intermediate-sized plan-
etesimals. However, this is discussed further below, since for
extreme slopes in the size distribution, or for atmospheres
that are (or become) significantly different to that of the
Earth, it can be objects at the edges of the size distribution
that dominate the atmosphere’s mass evolution.
While de Niem et al. (2012) found that the stochastic ef-
fect of impacts with large bodies can dominate atmospheric
evolution, we assume here that this stochasticity can be ig-
nored, and consider that the mean change in a planet’s mass
can be obtained by integrating eqs. 6 and 7 over the afore-
mentioned size distribution (as in Kral et al. 2018). The
possibility of stochasticity, and the effect of giant impacts
more generally, is considered in §4.2.
If the total mass of impactors that collide with a planet
is mac, the atmospheric mass loss and impactor mass retained
per mac are
matmloss
mac
= A
[(
vimp
vesc
)2
− 1
] ∫ ηmax
ηmin
η(1−α)/3 χadη, (9)
mimpacc
mac
= A
∫ ηmax
ηmin
η(1−α)/3[1 − χpr]dη, (10)
A =
(
4 − α
D4−αmax − D4−αmin
)
1
3
(
η
D3
)(α−4)/3
, (11)
where ηmin and ηmax map onto Dmin and Dmax through eq. 5
which is also used to get the ratio η/D3 in eq. 11; for the
specific case of α = 4, eq. 11 needs to be revised to A =
[3 ln (Dmax/Dmin)]−1.
Eqs. 9 and 10 can be used to determine the ratio of im-
pactor mass retained to that lost from the atmosphere which
is shown in Fig. 3 for ηmin = 10−3 and ηmax = 109. As long as
the range of impactor sizes is large enough for the integrals
in these equations to be independent of the boundaries, the
Figure 3. Ratio of total impactor mass retained to atmospheric
mass lost for impacts from a size distribution as a function of the
ratio of impact velocity to escape velocity vimp/vesc. The solid
and dashed lines are for planet to impactor density ratios of
ρp/ρimp = 2 and 6 respectively. The different colours are for differ-
ent slopes in the size distribution α, which is assumed to extend
from ηmin = 10−3 to ηmax = 109. All calculations use the prescrip-
tion in Shuvalov (2009). The growth or depletion of an atmosphere
in impacts is determined by whether the plotted ratio is more or
less than 1/pv, where pv is the fraction of retained impactor that
goes into the atmosphere, two representative values for which are
shown with horizontal lines.
resulting ratio depends only on the ratio of the impact ve-
locity to the planet’s escape speed (vimp/vesc), the slope in
the size distribution (α), and the ratio of planet to impactor
densities (ρp/ρimp). This shows that whether a planet gains
or loses mass (i.e., whether the plotted ratio is more or less
than unity), is determined primarily by the impact velocity
in that mass gain requires small vimp/vesc. For size distri-
butions in which the mass is dominated by large impactors
(i.e., α < 4), the ratio shows a sharp increase for low impact
velocities vimp/vesc < 7.1ρimp/ρp, since this is the threshold
below which all large impactors with η > 1000 can contribute
to mass gain (see eq. 7). The magnitude of the increase is
greater for distributions that are more strongly weighted
towards large impactors (i.e., lower α), and in this regime
the ratio inevitably depends on the assumptions about ηmax.
Similar reasons explain why the ratio has a steeper depen-
dence on impact velocity just above this threshold for size
distributions with smaller α, in this case because of the in-
creased retention of intermediate-sized impactors. Mass gain
is also favoured for higher impactor densities (i.e., smaller
ρp/ρimp). The size distribution also plays a role, in that dis-
tributions with impactor mass weighted more toward small
planetesimals (i.e., higher α) tend to favour mass gain, since
all small planetesimals are retained. However, this trend is
reversed (i.e., mass gain is favoured for smaller α) for cases
where both impactor velocities are small (vimp/vesc  1) and
impactor densities are high (i.e., small ρp/ρimp), since in this
case impactors larger than those that dominate atmospheric
mass loss can be retained; this occurs when ηmaxret  103
(see eq. 8 and Fig. 2), which given that vimp/vesc ≥ 1 can
MNRAS 000, 1–23 (2019)
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only happen for small ρp/ρimp. One further consideration is
required to determine the effect on the planet’s atmosphere,
i.e., whether this grows or depletes with time, which is the
fraction of the impactor mass that is retained that goes into
the atmosphere pv (see horizontal lines on Fig. 3).
To quantify the effect of the limits of the integration, we
determined from eq. 9 the range of η above and below which
contributed 10% of the total mass loss (and likewise for im-
pactor retention from eq. 10). This showed that, as might
be expected from Fig. 2, 80% of the atmospheric mass loss
originates in a narrow range of η that depends only on α,
which is from 101.8 − 104.2 for α = 4, 102.0 − 104.8 for α = 3.5,
and 102.8 − 107.8 for α = 2.5. The impactor mass that is re-
tained comes from a larger range of η that depends on all
variables. In particular, for α ≥ 4 the lower limit of ηmin can-
not be ignored, because all of the mass of impactors smaller
than η < 10 are retained and for such size distributions the
mass is weighted towards the smallest impactors (or is equal
in logarithmically spaced bins for α = 4). As such, Fig. 3 is
only valid for α = 4 for the specific case of ηmin = 10−3 and
care is needed when considering such steep distributions for
which impactor retention likely dominates. For α = 3.5 the
range of η contributing to impactor mass retention is better
defined, and if ηmin is decreased to arbitrarily low values, it is
found that 80% of the mass retention comes from a range in
η of 10−4 up to around 10, but could be higher up to ηmaxret
from eq. 8. Since mass retention is weighted to larger η when
the impact velocity drops below the threshold of 7.1ρimp/ρp,
the ηmax limit becomes an important consideration for such
low velocities, as noted in the previous paragraph. The sit-
uation is similar for α = 2.5, except that smaller impactors
contribute less such that the lower limit is now closer to 10−1.
These ranges of η should be used in conjunction with eq. 5
to determine whether a given size range falls inside these
limits. Thus, the typical range of sizes that contribute to
the growth and loss of mass from an Earth-like atmosphere
for α = 3.5 is 0.02-1 km for growth and 2-20 km for loss.
3.4 Effect of multiple impacts on atmosphere
evolution
The results from §3.3 can now be used to improve on the
model of atmospheric evolution from §2. We will return in
§3.5 to what §3.3 predicts for the value of fv. For now we
note that, for a given scenario, it is reasonable to assume (as
was also assumed in §2) that fv remains constant throughout
the evolution. This is because fv can be determined from the
ratio plotted in Fig. 3 by multiplying by the fraction of the
impactor mass that is retained that goes into the atmosphere
(i.e., pv). The ratio plotted in Fig. 3 has already assumed
and then averaged over a given size distribution of impactors
(α), and assumed an impactor density (ρimp), so for a given
scenario the plotted ratio just needs to be averaged over the
distribution of impact velocities. All of these will depend
on the scenario assumed (e.g., the location and mass of the
planet, and the provenance of the impactors), but will not
depend on the mass of the atmosphere, as long as the size
distribution is broad enough, and other parameters like im-
pact velocity appropriate, for the limits in the integrals in
equations 9 and 10 to be unimportant. This caveat on the
limits of the integrals is important however, since they can-
not always be ignored and §3.6 considers the situation in
Figure 4. Updated model from Fig. 1 for the evolution of at-
mospheric mass in which the rates of gain (due to accretion of
volatiles that replenishes a secondary atmosphere) and loss (that
depletes both primordial and secondary atmospheres) both scale
with atmosphere mass. The evolution depends only on the ratio
of the gain and loss rates given by the parameter fv (six differ-
ent values of which are shown with different colours as noted in
the annotation) and the slope in the size distribution α (denoted
by the different thickness lines). For clarity only the total atmo-
spheric mass is shown, since the contribution of the primordial
and secondary components can be inferred from Fig. 1 which is
identical to that for α = 4, and is similar for the other values of
α.
which the planet starts with no atmosphere where this is
certainly not possible.
What §3.3 does show, however, is that the model of
§2 can no longer assume that mass loss and gain are in-
dependent of time, since eqs. 9-11 show that these should
instead be proportional to m(4−α)/3. This arises because as
the atmosphere decreases in mass it is smaller planetesimals
that dominate the atmospheric mass loss, because the larger
planetesimals can only remove the atmosphere in the vicin-
ity of the impact (e.g., Melosh & Vickery 1989); a similar
argument applies as the atmosphere grows. We implement
this into the model by assuming Ûm− = Ûm−0 (m/m0)(4−α)/3 andÛm+v = fv Ûm−, where Ûm−0 is a constant equal to the initial mass
loss rate. This results in the following evolution
m/m0 =
[
1 +
(
α − 1
3
)
( fv − 1)(t/t0)
] 3
α−1
, (12)
with mp from eq. 2, mv = m − mp and t0 = m0/ Ûm−0 . This
evolution is shown in Fig. 4 for α = [2.5, 3, 3.5, 4], and is
the same as that of Fig. 1 for α = 4 (since this results in
mass loss that is independent of atmospheric mass), noting
however that the model is invalid for size distributions with
α ≥ 4 because in this case (as noted in §3.3) the lower limit
ηmin becomes important in the calculation of fv, which thus
varies with time.
Fig. 4 shows that the evolution is not much different
with this change. The atmosphere still disappears in a finite
time for fv < 1 and grows monotonically with time for fv > 1
and t/t0  1. The timescale on which the evolution takes
place now depends on the slope in the size distribution, with
shallower size distributions (i.e., smaller α, meaning more
weighted to large impactors) resulting in atmospheres being
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lost more slowly or growing more rapidly. However, the sense
of faster or slower here is in units of dimensionless time which
is itself dependent on α through the initial mass loss rate,
and so it is not possible from this alone to determine whether
the evolution takes more or less real time. Eq. 12 shows that
the time for the atmosphere to be completely lost for fv < 1
is
tbare =
(
3
α − 1
) (
1
1 − fv
) (
m0
Ûm−0
)
. (13)
This means that an fv < 1 planet must accrete a total im-
pactor mass of
∆mac,bare = m0
(
mac
matmloss
)
0
(
3
α − 1
) (
1
1 − fv
)
(14)
to completely lose its atmosphere, where (mac/matmloss)0 is
the inverse of the ratio from eq. 9 calculated for the initial
atmosphere. This is similar to the mass required to double
the atmosphere in the case that fv > 1, which is [2(α−1)/3 −
1]∆mac,bare.
To summarise, Fig. 4 can be used to determine the effect
of multiple impacts on a planet’s atmosphere. This requires
calculation of fv which must be done from Fig. 3 as discussed
in §3.5. Such calculation is complicated by the fact that the
plotted curves need to be averaged over the appropriate dis-
tribution of impact velocities and impactor densities, and an
assumption needs to be made about the fraction of the im-
pactor mass that is retained that goes into the atmosphere
(pv). There are also a few caveats. First, this assumes that
the calculations that go into Fig. 3 are not affected by the
largest or smallest impactors in the distribution. Also, this
assumes that the evolution in a given timestep can be well
described by the average mass loss, which thus ignores the
possible stochastic contribution of single giant impacts (see
§4.2). Finally, an increase with time of the volatile content
of the planet’s atmosphere would increase its mean molecu-
lar weight µ. While this would have no effect on fv, and so
whether the atmosphere would ultimately grow or deplete,
this would affect the evolutionary timescale which would
get longer as the atmosphere gets more volatile-rich. This
is because of the reduced atmospheric scale height (eq. 3)
which results in a decreased mass change per colliding mass
(eqs. 9-11). Some of these complications and caveats will be
explored further in §3.5 after which the particular case of
the evolution of a planet that starts without an atmosphere
will be discussed in §3.6.
3.5 Determining fv
As discussed in §3.4, calculation of fv can be done from Fig. 3
by averaging over the appropriate distribution of impact ve-
locities and impactor densities, making also an assumption
about the fraction of the impactor mass that is retained
that goes into the atmosphere (pv). The further assump-
tions about impactor types used in this paper are discussed
in §3.5.1 before using these in §3.5.2 to determine fv for plan-
ets in different regions of parameter space, and considering
the sensitivity of the derived fv to the assumptions in §3.5.3.
3.5.1 Assumptions about impactor types
Assumptions in the literature about both impactor densi-
ties and the impactor mass retained typically involve an as-
sumption about whether the impacting body is asteroidal or
cometary. While this terminology refers to Solar system-like
objects, we will apply this more generally here with the fol-
lowing meaning. We will assume asteroidal impactors to have
a density of ρimpa = 2.8 g cm−3 and that pva = 2% of their
mass goes into the atmosphere on impact, which is based
on this being the approximate volatile content of carbona-
ceous chondrites (e.g., Grady & Wright 2003; Sephton 2002)
excluding water which might precipitate onto the surface
for planets in the habitable zone (e.g., Zahnle et al. 2007).
These volatiles would be in the form of insoluble organic
macromolecular material, soluble organics and carbonates,
and may be expected to be degassed during impacts leading
to atmospheres rich in H2O, H2, CO or CO2 (e.g., Schaefer &
Fegley 2010). Cometary impactors will be assumed to have
a density ρimpc = 0.9 g cm−3 with pvc = 20% of their mass go-
ing into the atmosphere on impact for similar reasons, with
the majority of the volatiles in the form of CO, CO2 and
O2 (excluding water again for the same reason as for aster-
oidal impactors), and a smaller fraction in molecules such
as methane, ethane, methanol, formaldehyde, ammonia, hy-
drogen cyanide, hydrogen sulfide (e.g., Mumma & Charnley
2011; Rubin et al. 2019). These assumptions should serve to
indicate outcomes for two different types of impactor, but
are not suppposed to represent the only possible impactor
types.
The distribution of impactor velocities is usually taken
from N-body simulations of impactor populations as they
interact with a planetary system. Since such simulations re-
quire an assumption about the source of the impactors and
the planetary system that results in them evolving onto or-
bits that can result in a collision with the planet in question,
we prefer to avoid detailed simulations here. Rather we base
the expected range of impactor velocities on the following
analytical considerations (see also Kral et al. 2018). Con-
sider a planet of mass Mp on a circular orbit at ap interact-
ing with an impactor on a comet-like orbit, which here we
take to mean one with an eccentricity that is close to 1. The
impactor’s orbital velocity at the location of the planet is
approximately
√
2vp, where vp =
√
GM?/ap is the orbital ve-
locity of the planet. If the inclination of the impactor’s orbit
relative to that of the planet is small then their relative ve-
locity on approach to impact is [3−2√2q/ap]1/2vp, where q is
the impactor’s pericentre distance. This relative velocity is
thus in the range (√2−1)vp (if the comet is close to pericentre
at impact) to
√
3vp (if the comet’s pericentre is far inside the
planet’s orbit), i.e., (0.4 − 1.7)vp. Impactors that originated
in an asteroid belt or indeed from the vicinity of the planet
in question may have a lower relative velocity at impact, of
order
√
1.5evp for distributions with mean eccentricity e and
mean inclination e/2 (Wetherill & Stewart 1993).
While impact velocities might be expected to come from
a distribution, we take one value as being representative for
the resulting fv, which could be derived for a given distribu-
tion of impact velocities by implementing this in eqs 9 and 10
and then averaging the resulting ratio. Here we assume the
relative velocities are ξvp, where ξc = 1.0 for cometary im-
pactors and ξa = 0.3 for asteroidal impactors, then account
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for the effect of gravitational focussing to get for impact
velocities
vimp/vesc =
√
1 + (ξvp/vesc)2, (15)
vp/vesc = 3.4M1/2? a−1/2p M−1/3p ρ−1/6p , (16)
for the units in Table A1. It is worth re-iterating that N-body
simulations are needed to get an accurate distribution of ξ if
the dynamical origin of the impactors is known. For exam-
ple, our assumed values are slightly more extreme than those
which might be inferred for asteroids and comets impacting
the Earth during the Late Heavy Bombardment; e.g., figs. 6
and 7 of de Niem et al. (2012) suggest (by eye) average values
closer to ξa = 0.5 and ξc = 0.8. Similarly, fig. 7 of Kral et al.
(2018) shows that the distribution of impact velocities for
planets in a chain can depend on the location in that chain,
while our simplistic approach overestimates by a factor of 2
the median impact velocity for the outermost planets in the
TRAPPIST-1 system (f, g and h), and underestimates it for
the innermost planets. Such details may contribute to any
differences in our results to studies using N-body simula-
tions, but this should not affect general trends, and this can
be accounted for where N-body simulations are available.
3.5.2 fv for different planets
We can now determine for our assumptions about asteroidal
or cometary impactors what fv is for planets with different
masses, semimajor axes and densities, with additional free
parameters of the stellar mass and the slope in the size dis-
tribution of impactors. The top panels of Fig. 5 show the
resulting fv for planets of density 5.5 g cm−3 (i.e., Earth-
like) orbiting solar mass stars for the two different impactor
types assuming an impactor distribution with α = 3.5 be-
tween Dmin = 1m and Dmax = 100 km and an atmosphere
mass δ = 0.85 × 10−6 times that of the planet mass (which
means it is Earth-like in terms of its relative mass, but not
necessarily in terms of its surface pressure, see eq. 4). For
reference the locations of known exoplanets1 and the Solar
system planets are also shown. The slope in the contours of
equal fv arises because this ratio is the same for planets with
the same ratio of escape velocity to orbital velocity, which
is for planets for which Mp ∝ a−3/2p (see eq. 16). This essen-
tially shows the susceptibility of planets in different regions
of parameter space to erosion or growth by planetesimal im-
pacts, since as noted in §3.4, this determines whether the
atmospheres grow or deplete given sufficient impacts. The
fv = 1 division between the different outcomes we call the
impact shoreline, by analogy with the cosmic shoreline dis-
cussed in Zahnle & Catling (2017).
Comparison of asteroidal and cometary impactors (left
and right panels on Fig. 5) shows that planets are more
susceptible to mass loss for impactors with the assumed
cometary properties, because the additional volatile content
of such impactors is not sufficient to offset the destructive-
ness of their greater impact velocity. Thus, for the given as-
sumptions, the Earth’s atmosphere and that of Venus would
1 Taken on 28 November 2018 from the exoplanet.eu database
(Schneider et al. 2011).
be expected to grow in collisions with asteroids, but to de-
plete in collisions with comets, while all impacts would de-
plete the atmospheres of Mars and Mercury. For the given
assumptions, the atmospheres of many of the known exo-
planets would be predicted to grow in all types of plan-
etesimal impacts. This means that, should they have under-
gone significant bombardment (which will be quantified in
the next sections), their atmospheres may be more massive
or more volatile-rich compared to their primordial values.
However, planets that are close enough to the star, in par-
ticular those that underwent bombardment by comet-like
impactors, would have had their atmospheres stripped.
3.5.3 How fv changes with different assumptions
While a specific atmosphere mass and upper and lower limits
to impactor size were assumed when making the top panels
in Fig. 5, for the reasons given in §3.3 these should have lit-
tle effect on the resulting calculation of fv in the sense that
the outcome would have been very similar with different at-
mosphere masses (if not too different, see §3.6) and with the
assumption that the size distribution had extended to arbi-
trarily large and small values. A finite upper or lower limit
to impactor sizes can become important, however, in certain
circumstances. For example, given the dominating impactor
sizes noted at the end of §3.3 for the Earth (i.e., 0.02-1 km
for impactor retention and 2-20 km for atmosphere loss), an
upper limit on planetesimal size in the 1-10 km range would
have the effect of reducing atmosphere loss without affect-
ing its gain resulting in an increase in fv. Also, Fig. 3 shows
that flatter size distributions (i.e., smaller α, weighted more
to larger impactors) would result in more disruptive impacts
and so a lower fv. These expectations are confirmed in Fig. 6
which shows the planet for which fv = 1 (i.e., the transition
between atmosphere growth and depletion in impacts, or
the impact shoreline) for different assumptions about the
size distribution with lines of different thickness. That is the
fv = 1 lines move down when Dmax is decreased (as impacts
become less destructive) and up when α is decreased (as
impacts become more destructive).
Fig. 6 also shows how the lines of fv = 1 change with
the assumptions about the impact velocities and impactor
composition. For example, the lines move up as impact ve-
locities are increased from ξ = 0.3 to 1.0, because the impacts
become more destructive (see Fig. 3), and impacts tend to
favour atmosphere growth (the lines move down) as the frac-
tion of volatiles contained in the impactor (pv) is increased,
though impactor density also plays a role in the plotted val-
ues (see Fig. 3). Overall, one point to take away from Fig. 6
is that the outcome of collisions (i.e., whether atmospheres
grow or deplete in impacts) is sensitive to what is assumed
about the impactors, particularly about their impact veloc-
ities, but also about their volatile content, and to a lesser
extent their size distribution (although the change on Fig. 6
would have been more significant for Dmax = 1 km). Thus any
definitive claims about atmosphere evolution require these
parameters to be well constrained, which is challenging even
in the Solar system.
As noted above, much of the spread in the lines on
Fig. 6 can be understood purely from Fig. 3. The one pa-
rameter that requires further thought is the upper impactor
size Dmax, the consequence of which can be understood by
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Asteroidal Impactors Cometary Impactors
Figure 5. Outcome of impacts with planets of different masses and semimajor axes orbiting 1M stars. The left column assumes asteroidal
impactors (ρimp = 2.8 g cm−3 with 2% volatiles and relative velocities approaching impact of 0.3 times the planet’s orbital velocity), while
the right column assumes cometary impactors (ρimp = 0.9 g cm−3 with 20% volatiles and relative velocities approaching impact of 1.0
times the planet’s orbital velocity). In all panels an impactor size distribution with α = 3.5 from Dmin = 1m to Dmax = 100 km is assumed,
and the planet is assumed to have a density 5.5 g cm−3, and a µ = 29 atmosphere with a mass 0.85×10−6 that of the planet. In the top row
contours show the ratio of atmospheric mass gain (due to volatile retention) to mass loss (due to atmosphere stripping) in planetesimal
impacts, i.e., fv. In the middle row contours show the change in atmosphere mass per accreted impactor mass, i.e., ∆m/∆mac. In the
bottom row contours show the fractional change in atmosphere mass after accreting mac = 3 × 10−5M⊕. The solid black line is the impact
shoreline; the atmospheres of planets above this line (i.e., in the darker shaded region where contours are dashed) gain mass in collisions,
while those below (i.e., in the lighter shaded region where contours are dotted) lose mass. The dark green line is that for vesc/vp = 1
above which the planet is more likely to eject planetesimals it interacts with than be impacted by them. The lighter green lines are
for constant accretion timescale from a comet-like population, where that timescale for lines from left to right (from thicker to thinner
lines) is 0.3 Myr, 30 Myr, 3 Gyr and 300 Gyr. The accretion efficiency is reduced for planets with longer collision timescales, since it is
more likely that other processes remove planetesimals from the vicinity of the planet before impacts occur. The purple circles are known
exoplanets for 0.6− 1.4M stars (from the exoplanet.eu database on 28 November 2018, Schneider et al. 2011). The larger blue circles are
the Solar system planets.
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Figure 6. The dependence of the impact shoreline on im-
pactor assumptions. The lines delineate between atmospheres
that grow (upper right) and deplete (bottom left) in impacts for
planets orbiting Sun-like stars. Different assumptions about the
impactors are shown with different lines. Asteroidal impactors
(ρimp = 2.8 g cm−3 with 2% volatiles) are shown with blue lines
and cometary impactors (ρimp = 0.9 g cm−3 with 20% volatiles)
with red lines. Solid lines are for relative velocities near impact 0.3
times the planet’s orbital velocity, while dashed lines have those
relative velocities equal to the planet’s orbital velocity. Lines of
different thickness indicate different assumptions about the slope
in the impactor size distribution (α) and maximum impactor size
(Dmax) as shown in the legend (in all cases Dmin = 1m is assumed).
For all lines the planet is assumed to have a density 5.5 g cm−3,
and a µ = 29 atmosphere with a mass 0.85×10−6 that of the planet.
rearranging eq. 5, including also the factor from eq. 15, to
find that the size corresponding to a given η is
D ∝ η1/3m1/3µ−2/3ξ−2/3M−2/9p ρ−4/9p M−1/3? L1/6? (1+ρp/ρimp)1/3.
(17)
This allows to determine how the dominating impactor sizes
recalled above for the Earth (i.e., 0.02-1 km for impactor
retention and 2-20 km for atmosphere loss) change with dif-
ferent assumptions, and so whether this calculation is af-
fected by the impactor size limits. Equation 17 shows that
the stellar properties do not play a strong role in how plan-
etesimal size maps onto η (e.g., for the same η for impacts
in the TRAPPIST-1 system as for the Solar system, the im-
pactor size is reduced by only 65%), and neither do planet
properties (e.g., a factor 100 increase in planet mass results
in a factor 3 decrease in impactor size for the same η, or
less if atmosphere mass scales with planet mass), and nei-
ther does the impactor type (e.g., asteroidal impactors are
roughly twice the size as cometary impactors for the same
η). However, the dependencies on m and µ mean that the
dominating impactors are 100 times larger than found for
the Earth for an atmosphere with δ = 1% of the mass of the
Earth and solar composition. This means that more massive
atmospheres are more susceptible to growth and that, if the
upper size cut-off is in a regime where this becomes impor-
tant, the lines would move down on Fig. 6 (since an upper
cut-off would then cause a lack of destructive impactors).
This would also be the case for a more primordial atmo-
sphere, which conversely means that the increasing volatile
fraction of a growing atmosphere could make impactors more
harmful potentially stalling its growth.
3.6 Evolution of an atmosphere-less planet
One situation in which a planet’s atmosphere evolution can-
not be considered in the manner described in §3.4 is that in
which the planet starts without an atmosphere, i.e., m0 = 0.
This is a situation in which the limits of the integrals can-
not be ignored, since for the smallest and largest impactors
alike η → ∞ (eq. 5). To determine what happens in this
case we first consider whether impacts are able to leave
any mass in the atmosphere. For low impact velocities,
vimp/vesc < 7.1ρimp/ρp, no mass is retained and so no atmo-
sphere growth is possible and the planet will remain forever
atmosphere-less.
For impact velocities above this limit atmosphere
growth will be possible, since fv → ∞, at least initially.
While the atmosphere mass remains small, ηmin will be large
(this could mean, e.g., that ηmin  106), which would mean
from Fig. 2 that mass gain exceeds mass loss for all im-
pactor sizes and so fv must be greater than unity. Thus the
atmosphere would grow with continued bombardment. As
the mass of the atmosphere increases, ηmin (and ηmax) would
decrease, and the atmospheric mass lost per impactor mass
also grows (as there is more atmosphere to lose) with lit-
tle change in the mass gain per impactor. This causes fv to
decrease from its initially high value. Eventually the atmo-
sphere will have grown such that ηmin is small and irrelevant,
at which point fv may be greater than or less than unity.
There may be turning points in the value of fv as a function
of atmosphere mass. If fv remains above unity throughout
then the atmosphere will continue to grow indefinitely. If fv
drops below unity then atmosphere growth will stall at the
value where fv first reaches unity, since if it grew further
then fv would be less than unity and further impacts would
cause atmosphere loss until fv had increased to unity again
(i.e., fv = 1 is a stable equilibrium point if dfv/dδ < 0 at this
point).
To illustrate this, Fig. 7 shows how fv depends on atmo-
sphere mass for the Earth being impacted by planetesimals
of asteroidal and cometary composition at different veloc-
ities. For bombardment by cometary compositions the ve-
locities plotted are all above the transition (which occurs at
ξ = 0.24) and so a bare Earth would always remain as such.
For asteroidal compositions the transition is at ξ = 1.37, so
for velocities lower than this the atmosphere would grow. For
ξ = 0.5 − 1.37 the atmosphere would stall (e.g., at δ ≈ 10−10
for ξ = 1.0), whereas for ξ < 0.5 the atmosphere would con-
tinue to grow indefinitely.
It is possible to find a combination of impactor param-
eters that leads to atmosphere growth that stalls at δ⊕.
However, before reading too much into Fig. 7, a number
of uncertainties should be noted. For example, this predic-
tion depends strongly on the assumptions about the outcome
of impacts in the airless limit. Comparison with other pre-
scriptions (e.g., Cataldi et al. 2017) and simulations (e.g.,
Zhu et al. 2019) in this limit shows that the Shuvalov (2009)
prescription we are using is reasonable, but may not cap-
ture all of the relevant detail. Also, the atmosphere masses
in question are incredibly small, and so the delivery of a
single large impactor can be significant; i.e., the evolution
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Figure 7. Dependence of fv on atmosphere mass for an Earth-
like planet (1M⊕, 5.5 g cm−3, 1 au, µ = 29) orbiting a Sun-like star,
being impacted by 1 m-100 km planetesimals with a size distribu-
tion α = 3.5. Impactor compositions are assumed to be either
asteroidal (pv = 0.02, ρimp = 2.8 g cm−3, blue lines) or cometary
(pv = 0.2, ρimp = 0.9 g cm−3, red lines). The legend gives the as-
sumed impact velocity in terms of ξ .
of δ may be stochastic rather than monotonic at the levels
of interest. It is also worth noting that similar arguments
apply to atmospheres that were predicted in §3.5 to deplete
in impacts, since if fv increases as the atmosphere depletes
(which is necessarily the case for sufficiently low velocities),
then these atmospheres would not be completely removed
but instead stall at the value for which fv first goes above
unity. In any case, one thing to take away from Fig. 7 is that
while fv does have some dependence on atmosphere mass,
and one that is particularly important to consider for very
low atmosphere masses, it is also relatively flat over a large
range of δ, and so the broad conclusions of previous sections
are still valid.
3.7 Fractional change in atmosphere per
cumulative accreted impactor mass
While §3.5 considered the susceptibility of a planet’s atmo-
sphere to erosion or growth, such susceptibility does not
mean that the atmosphere will completely disappear or grow
significantly, as that requires a consideration of the total
mass of impacting planetesimals, their effect on the atmo-
sphere, and how that compares with the initial atmospheric
mass m0. Clearly, these are not factors that are well known
even in the Solar system. We can however give the reader a
feeling for how such considerations may apply to planets in
different regions of parameter space by plotting the model
predictions for the ratio of the change in a planet’s atmo-
sphere mass to the mass of impactors accreted, i.e.,
∆m/∆mac = (matmloss/mac)( fv − 1), (18)
which is shown in the middle panels of Fig. 5. To make these
panels, the assumptions about the initial atmosphere mass
(i.e., that this was a fraction δ = 0.85 × 10−6 the mass of
the planet) and about the impactor size cut-offs play a more
significant role than in the calculation of fv, as described
below.
To explain the results in the middle panels of Fig. 5, and
to scale these to situations with different assumptions, note
that the two terms on the right hand side of eq. 18 come from
eq. 9 and the top panels of Fig. 5, respectively. The second
term explains the most prominent feature on the middle
panels of Fig. 5 which, as noted already, is that whether an
atmosphere grows or shrinks with time is dictated by the
fv factor. That is, the region where planetary atmospheres
grow in collisions (dashed lines, darker shading) is separated
from that where they deplete (dotted lines, lighter shading)
by the solid fv = 1 line (the impact shoreline), the location
of which has all of the dependencies discussed in §3.5.3.
Equations 5, 11 and 15 show that
matmloss/mac ∝ [D4−αmax − D4−αmin ]−1M
α−1
3
? L
4−α
6
? M
−α−2
9
p a
−1
p ×
ρ
4α−19
9
p δ
4−α
3 µ
2α−8
3 ξ
2α−2
3 (1 + ρp/ρimp)
4−α
3 .(19)
Since for atmospheres that deplete in collisions ∆m/∆mac ≈
−matmloss/mac, this means that the contours in the lighter
shaded region would be expected to lie along lines of Mp ∝
a
−9
α+2
p , which for the size distribution assumed in Fig. 5 are
only slightly steeper than the fv = 1 line. For planets that
are far enough to the left of the fv = 1 line (i.e., small close-in
planets), their large impact velocity means that impactors
are able to remove more atmosphere mass than the plan-
etesimal mass that is accreted. However, for the known ex-
oplanets the decrease in atmosphere mass is less than the
mass that is accreted.
For atmospheres that grow in collisions, ∆m/∆mac ≈
mimpacc/mac, which has a similar scaling to eq. 19 but
with some slightly different exponents so that this is ∝
M
α−4
3
? M
4−α
9
p a
0
pρ
4α−16
9
p . This explains why the contours of con-
stant ∆m/∆mac become flatter in the darker shaded region,
and moreover there is little dependence on planet mass. In-
deed, the atmosphere mass gain per impactor mass accreted
reaches a plateau in the upper right of the middle panels of
Fig. 5 at a value which is below pv (which is the maximum
possible since this would require all of the volatiles accreted
to go into the atmosphere) by a factor that accounts for the
fraction of the impactor mass that arrives in planetesimals
that are too large to be retained in the atmosphere.
To rescale the middle panels of Fig. 5 for different as-
sumptions, first note that some of the parameters in the
model do not affect the factor fv and so their effect on eq. 18
is relatively straight-forward to determine. For example, as
long as the upper size cut-off does not affect the calculation
of fv (i.e., as long as the limits in the size distribution do
not contribute to the integrals in equations 9 and 10, see
discussion in §3.3) then ∆m/∆mac scales with δ, µ and Dmax
in the same way as eq. 19, i.e.,
∆m/∆mac ∝ δ
4−α
3 µ
2α−8
3 Dα−4max , (20)
where the dependence on Dmax has assumed that α < 4.
This means that atmospheres that are higher in mass have
correspondingly larger changes (or need to accrete more for
the same fractional change), as do those that have a more
primordial composition (by a factor of 2.3 when changing
from the µ⊕ assumed in Fig. 5 to µ). Changing Dmax can
also have a significant effect, because this affects the fraction
of the mass that is in the damaging km-sized planetesimal
range, noting however that there may be an additional Dmax
MNRAS 000, 1–23 (2019)
12 M. C. Wyatt et al.
dependence not accounted for in eq. 20 if this affects the
integral in eq. 9. While there are significant differences for
comparable planets between different impactor types, many
of these differences can be understood from the location of
the fv = 1 impact shoreline on the top panels of Fig. 5 (see
also Fig. 6).
The bottom panels of Fig. 5 show the same information
as in the middle panels, but this time recording the fractional
change in the planet’s atmosphere that would result from ac-
cretion of ∆mac = ∆mac,LHB = 3× 10−5M⊕ (i.e., similar to the
mass accreted by both the Earth and Mars during the Late
Heavy Bombardment; Gomes et al. 2005); i.e., these panels
show (∆m/m)(∆mac,LHB/∆mac). This is intended to give the
reader an idea of whether impacts are likely to have a sig-
nificant effect on a planet’s atmosphere following an epoch
of heavy bombardment (although as we will describe below,
planets in other systems may experience levels of bombard-
ment that are significantly greater than this, in which case
the values in this plot could be scaled accordingly). This
shows that for planets with atmospheres that are expected
to deplete in impacts (in the lighter shaded region), it is
relatively easy to deplete these significantly (i.e., to result
in −∆m/m of order unity or greater). For planets that are
expected to grow in impacts (in the darker shaded region),
growth can be more modest unless the bombardment was
greater than that experienced by the Earth during the Late
Heavy Bombardment.
3.8 Cumulative accreted impactor mass per
cumulative incoming mass
For a given impactor population (i.e., the incoming planetes-
imals that have been placed on planet-crossing orbits with
a mass minc), it might be expected that planets in different
regions of the parameter space on Fig. 5 would end up ac-
creting different masses (i.e., have a different mac). Thus a
planet that may appear susceptible to atmosphere growth
because of a large positive fv in the top panels Fig. 5, and a
correspondingly large positive ∆m/∆mac on the middle pan-
els of Fig. 5, may not grow significantly because it has a low
efficiency of accreting the planetesimals that were placed on
planet-crossing orbits.
There are two main considerations here. First is that
planetesimals encountering planets for which vesc  vp are
more likely to be ejected in that encounter than to col-
lide with the planet (e.g., Wyatt et al. 2017). Similarly, the
timescale for planetesimals to collide with planets that are
low in mass (or far from the star) can be longer than their
dynamical lifetime tdyn, i.e., the time before which other per-
turbations remove the planetesimals from planet-crossing or-
bits (which may be the same perturbations that put them on
planet-crossing orbits in the first place, like those from more
distant planets or stellar companions). Both effects would
result in a low collision efficiency (i.e., a low mac/minc), and
are hard to quantify because this requires consideration of
the other planets in the system that is better suited to study
using N-body simulations than analytics (e.g., Marino et al.
2018; Kral et al. 2018).
We could make some progress by deriving a rate at
which the planetesimals collide with the planet Rac, the
rate at which the planet ejects the planetesimals Rej and
assuming some fixed dynamical loss rate Rdyn (that is set
by the other perturbers in the system). The fraction of
the impactor population that is accreted would then be
mac/minc = Rac/(Rac + Rej + Rdyn). Indeed it is possible to
derive Rac and Rej for assumptions about the planetesimal
orbit (see Kral et al. 2018). However, we refrain from repeat-
ing such calculations, since they still require further assump-
tions about the specific scenario which would obfuscate the
generality of what we are trying to achieve here. Instead, we
plot a few lines on Fig. 5 which show for which planets effi-
ciency might be expected to be low. One of these is vesc = vp
(the dark green line on Fig. 5), above which ejection starts
to dominate over accretion, which is given by
Mp = 40M3/2? a
−3/2
p ρ
−1/2
p . (21)
The others (the light green lines on Fig. 5) are lines of con-
stant accretion time tacc, calculated assuming that planetes-
imals interact near the pericentres of their high eccentricity
and low inclination (∼ 0.1 rad) orbits with a planet on a
circular orbit, which are given by
Mp = 30M−3/4? a
3
pρpQ
9/4t−3/2acc , (22)
where tacc is in Myr and Q is the planetesimals’ apocentre
distance in au which is assumed to be 10ap in the figures.
Dynamical removal starts to dominate over accretion below
the line for which tacc = tdyn (or equivalently, accretion effi-
ciency drops by a factor ∼ tdyn/tacc).
The lines of eqs. 21 and 22 on Fig. 5 are only meant
as a guide, and do not delineate those planets that do and
those that do not suffer impacts. For example, while the ac-
cretion time for the Earth is ∼ 1Gyr and so 3 − 4 orders
of magnitude longer than the typical dynamical lifetime of
comets in the inner Solar system of ∼ 0.3Myr (Levison &
Duncan 1997), it was still able to accrete 3×10−5M⊕ during
the Late Heavy Bombardment (Gomes et al. 2005). This is
because the low accretion efficiency ∼ 10−6 was overcome by
a large mass of planetesimals undergoing scattering during
this event (∼ 30M⊕, Gomes et al. 2005). Systems with more
regularly spaced planets have higher accretion efficiencies
(∼ 1%, e.g., Marino et al. 2018), and so can undergo signif-
icant accretion without requiring such a major upheaval as
the Late Heavy Bombardment. That is, these lines cannot
account for the fact that the mass accreted also depends on
the ability of external planets to put planetesimals on such
orbits among other factors. Nevertheless these lines show
that small planets that are close to the star should have
a high collision efficiency, since they might be expected to
accrete most planetesimals that are put on planet-crossing
orbits, with the caveat that accretion efficiency might still be
low if a planet is competing with other nearby planets that
also have high accretion efficiencies (as in the TRAPPIST-1
system, Kral et al. 2018).
3.9 Dependence on stellar mass
Fig. 8 shows the same calculations as for Fig. 5, but this
time for planets orbiting stars with M? = 0.08M and
L? = 5.2 × 10−4L, i.e., with parameters appropriate for the
TRAPPIST-1 system (Gillon et al. 2017). Comparison of
the top panels in the two figures shows how the slower or-
bital velocity (and so smaller impact velocity) for lower mass
stars results in less destructive impacts for planets with the
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Asteroidal Impactors Cometary Impactors
Figure 8. As for Fig. 5 but for planets orbiting 0.08M stars. Here the red circles are known exoplanets for < 0.6M stars (from the
exoplanet.eu database on 28 November 2018, Schneider et al. 2011), with the 7 planets in the TRAPPIST-1 system highlighted by the
larger symbols (with parameters from Gillon et al. 2017).
same properties. Nevertheless, the location of the fv = 1 line
explains why Kral et al. (2018) concluded that the closest
in planets in the TRAPPIST-1 system would have their at-
mospheres stripped in cometary impacts. Their conclusion
that the atmospheres of the outermost planets would grow
in collisions is because their calculations made different as-
sumptions about the distribution of impact velocities (which
are more realistic for the scenario they were considering for
this system).
4 DISCUSSION
This paper has considered the effect of planetesimal impacts
on planetary atmospheres, using assumptions that are valid
when the atmosphere is not massive enough for planetesi-
mals to disintegrate before reaching the surface, or for the
structure of the atmosphere to deviate from our simple pre-
scription, and (justifiably) ignoring the effect of giant im-
pacts. Some starting point for the atmosphere has been as-
sumed, and other factors which may affect the evolution of
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Figure 9. Summary of the different outcomes of bombardment
that might be expected for the atmospheres of planets in different
regions of parameter space, for planets orbiting solar mass stars
being impacted by asteroidal impactors. The two main regions are
that of atmosphere growth (darker shaded region) and depletion
(lighter shaded region) that are divided by the impact shoreline
shown with the thick black line. However, in the cross-hatched
region a reduced accretion efficiency might lead to less change in
atmosphere.
the atmosphere are ignored, such as photoevaporation due
to stellar photons or outgassing of volatiles from the interior
that were inherited during formation. While these caveats
should be born in mind in the following, these assumptions
make it possible to draw some broad conclusions about the
effect of planetesimal impacts on planetary atmospheres that
are summarised in §4.1 before considering how giant impacts
or massive atmospheres might affect those conclusions in
§4.2-4.3, then going on to consider the implications for spe-
cific systems in §4.4-4.5, as well as the broader implications
for the development of life in §4.6.
4.1 Summary
The main conclusion of §3 is that the planet mass - semima-
jor axis parameter space can be divided into regions with dif-
ferent outcomes, with some dependence on stellar mass and
on the physical and dynamical properties of the impactors.
This is illustrated in Fig. 9 which shows lines appropriate for
asteroidal impactors onto planets orbiting solar mass stars,
noting that the boundaries between the different regions are
not meant to be strictly interpreted.
4.1.1 Planets expected to have no atmosphere (region
labelled depletion)
Planets that have fv < 1 and tacc  3Gyr would be expected
to have any primordial atmosphere depleted by bombard-
ment. This applies to planets that are both low in mass
and very close to their host stars, a prime example being
the innermost planets orbiting TRAPPIST-1 (Kral et al.
2018). The low negative values of ∆m/m following accretion
of 3× 10−5M⊕ in this regime shown on the bottom panels of
Figs. 5 and 8 mean that these planets could be expected to
completely lose any Earth-like atmospheres when subjected
to bombardment levels comparable to that inferred for the
Earth during the Late Heavy Bombardment. The bombard-
ment level required for complete atmosphere loss can be in-
ferred from the middle panels of Figs. 5 and 8, since eq. 14
shows that
∆mac,bare/m0 = 3(α − 1)−1(∆m/∆mac)−1, (23)
i.e., the mass that needs to be accreted is approximately the
atmosphere mass divided by the value plotted in those pan-
els (noting that eq. 20 shows that the plotted value would
also need to be scaled by [δ0/0.85 × 10−6]0.17). The only im-
pediment to these planets having completely lost their at-
mospheres is either an absence of impactors (i.e., below a
level given by the initial atmosphere mass divided by the
value plotted in the middle panel of Fig. 5), or for the ini-
tial atmospheres to be sufficiently massive (although in such
extremes the assumptions in this paper might break down,
see §4.3).
4.1.2 Planets expected to have atmospheres enhanced in
collisions (region labelled growth)
Planets for which fv > 1 and tacc  3Gyr and vesc < vp
would be expected to grow secondary atmospheres in colli-
sions. This applies to planets that are close to the star, more
massive than those depleted in collisions discussed in §4.1.1,
but not so massive that their large escape velocity results
in a reduced accretion efficiency. There still needs to be a
sufficient level of bombardment for the atmospheres to grow
significantly, but the bottom panels of Figs. 5 and 8 show
that slightly higher than Late Heavy Bombardment-levels
of accretion would be sufficient to grow an Earth-like at-
mosphere (in the sense that δ = δ⊕) for many such planets.
The middle panels of Figs. 5 and 8 suggest that atmospheres
could grow in mass by typically ∼ 1% of the impactor mass
accreted. Thus the 1% accretion efficiency seen in the sim-
ulations of Marino et al. (2018) could result in atmospheres
100 times more massive than that on Earth for bombard-
ment involving just 1M⊕ of planetesimals, which could be a
fraction of any planetesimal belt.
4.1.3 Planets likely unaffected by collisions (region
labelled reduced accretion efficiency)
The atmospheres of planets that are either far from the star,
or very high in mass, may be largely unaffected by collisions.
This is not because they would be unaffected by any colli-
sions that occurred. Indeed atmosphere growth or depletion
is always the favoured outcome in the darker and lighter
shaded regions of Fig. 9 (with the caveat that this boundary
has some uncertainties as noted in Fig. 6). Rather this is
because planetesimals could be removed dynamically from
the planet’s vicinity faster than they can undergo collisions,
resulting in a low accretion efficiency. Planets that are sus-
ceptible to having a low accretion efficiency are identified by
having vesc > vp and/or tacc  3Gyr. However, it is impor-
tant to emphasise the caveat that such dynamical removal
depends on what other planets are present in the system,
and it could be that planets in this region still manage to
accrete a significant quantity of planetesimals and so have
their atmospheres altered in the way indicated by the shad-
ing.
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4.2 Giant impacts
The parameterisation for χa in eq. 6 is not applicable to gi-
ant impacts for which a planet’s atmosphere is not only lost
locally at the point where the impact occurs. Rather giant
impacts send a shock wave through the body of the planet,
which is transmitted to the atmosphere. This can accelerate
parts of the atmosphere to beyond the escape velocity, lead-
ing to partial loss of the atmosphere globally. A prescription
for the outcome of giant impacts is that the atmospheric
mass lost per impactor mass can be approximated for an
isothermal atmosphere by (Schlichting et al. 2015)
matmloss,GI(x)/mimp = δ(vimp/vesc)[0.4 + 1.4x − 0.8x2], (24)
where x ≡ (vimp/vesc)(mimp/Mp); for an adiabatic atmosphere,
the coefficients are instead 0.4, 1.8, and −1.2.
This means that the shock wave caused by a giant im-
pact results in an atmospheric mass loss per unit impactor
mass that typically remains constant (i.e., independent of
impactor size) up to very large impactors, at a level that
is proportional to the atmosphere to planet mass ratio δ
times the ratio of impact to escape velocities (vimp/vesc). This
should be added to the local atmospheric mass loss plotted
in Fig. 2 which in constrast decreases rapidly with increas-
ing impactor size. This means that there is a size DGI above
which giant impacts dominate atmospheric mass loss, and
below which giant impact erosion can effectively be ignored.
This transition can be calculated by equating matmloss,GI from
eq. 24 with matmloss from eq. 6. However, to give the reader
a feeling for where this transition occurs note that the pre-
scription from Schlichting et al. (2015) (which is similar but
not identical to that of Shuvalov 2009) puts the boundary
at approximately
DGI '
[
1.6HR2p
(
vesc/vimp
) (
ρp/ρimp
) ]1/3
. (25)
The combined effect of multiple giant impacts can be
computed by integrating matmloss,GI(x)/mimp over the size dis-
tribution of the bodies causing giant impacts (under the as-
sumption that these arrive in steady state). Using the as-
sumed power-law size distribution, the atmospheric mass
loss per unit impactor mass is
matmloss,GI
mac
= δ
vimp
vesc
{
0.4
+ 1.4
(
4 − α
7 − α
) 
x(7−α)/3max − x(7−α)/3min
x(4−α)/3max − x(4−α)/3min

− 0.8
(
4 − α
10 − α
) 
x(10−α)/3max − x(10−α)/3min
x(4−α)/3max − x(4−α)/3min

}
, (26)
which works for all power-law indices except α = 4, α = 7,
and α = 10.
To quantify the regime where it is no longer possible
to ignore giant impact induced atmospheric mass loss, Fig-
ure 10 shows the atmosphere to planet mass ratio δGI at
which giant impact mass loss (eq. 26) is equal to that caused
by local effects (eq. 9). Unlike Fig. 2 for which the A factors
from eq. 9 and 10 cancelled, Fig. 10 has had to make as-
sumptions about the star, planet and impactors which are
noted in the caption. Nevertheless, these plots show that at-
mospheres have to be a substantial fraction of the planet’s
mass before giant impact induced atmospheric mass loss be-
comes important, with high mass planets at large distances
from the star being most susceptible to such effects, primar-
ily because of the small relative velocity of impacts in this
region. Note that planets in this regime were expected to
grow by impacts when giant impacts were ignored (see top
panels of Figs. 5 and 8), so while including giant impacts into
the analysis would have the effect of reducing fv, this would
not necessarily reverse the conclusion that impacts would
result in the atmospheric growth for such planets. Aster-
oidal (rather than cometary) impactors also have a greater
propensity for atmospheric loss by giant impacts, as do plan-
ets around lower mass stars. A planet like the Earth would
require its atmosphere to be of order 1% of the planet mass
before giant impacts become important. This explains why
Schlichting et al. (2015) concluded that giant impacts do
not dominate atmosphere erosion, which holds as long as
the atmosphere is not too massive.
Individual impacts can have a devastating effect on an
atmosphere. This becomes the case when the mass lost in
an individual impact is of order the atmosphere mass, which
occurs when x ≈ 1 for the prescription of eq. 24 (above which
the prescription is no longer valid). Thus invidual impactors
can only be ignored when the largest impactor has a mass
mimp that is much less than Mpvesc/vimp. That is, the stochas-
tic effect of individual impactors cannot be ignored when im-
pactor masses are close to the mass of the planet (or indeed
much smaller if the impact velocity is large enough), and
this is independent of how massive the atmosphere is. While
such events may be expected to be inevitably rare for most
size distributions, their stochastic nature could result in an
atmospheric mass different from that predicted in Figs. 5
and 8, and in particular this could explain differences in the
atmospheres of neighbouring planets which should have un-
dergone similar bombardment histories, or at least ones that
should be different in a predictable way so that any differ-
ences in their atmospheres that result from impacts should
be relatively well known (e.g., Griffith & Zahnle 1995; Bier-
steker & Schlichting 2019).
To summarise, the effect of giant impacts can be imple-
mented into models of atmospheric evolution using eq. 26
(though it may also be important to consider the contri-
bution to the atmosphere from material vaporised from the
planet surface, e.g., O’Keefe & Ahrens 1989; Melosh 1989;
Vickery & Melosh 1990; Pope et al. 1997), with the further
assumption that impactor retention is unaffected by the ad-
ditional physics of giant impacts (i.e., this is still given by
eq. 7). The stochastic effect of individual impacts could also
be readily included using Monte Carlo methods (e.g., Grif-
fith & Zahnle 1995; de Niem et al. 2012; Wyatt et al. 2014).
However, we conclude that this is unlikely to have a signifi-
cant effect, except in the case that the atmosphere is already
massive (as quantified in Fig. 10), or if the largest impactors
are comparable in mass to the planet. It is, however, worth
noting that other authors have inferred giant impacts to play
an important role in atmosphere evolution (e.g., de Niem
et al. 2012). The explanation for this discrepancy seems to
be that those studies extrapolated parameterised outcomes
derived for < 10 km bodies (Svetsov 2007) up to > 100 km
bodies for which the relevant physics is different thus requir-
ing different parameterisation (see Schlichting et al. 2015).
Nevertheless, this highlights that there remain some differ-
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Figure 10. Atmosphere-to-planet mass ratio δGI above which gi-
ant impacts dominate an atmosphere’s mass loss over the local ef-
fects of smaller impacts (i.e., the line shows where matmloss,GI(δGI) =
matmloss(δGI)). Both panels assume an impactor size distribution
with α = 3.5 that extends from Dmin = 1m to Dmax = 1000 km, a
planet density of ρp = 5.5 g cm−3, and an atmosphere with mean
molecular weight µ = 29. Asteroidal impactors are shown in blue
(ρimp = 2.8 g cm−3 and ξ = 0.3), and cometary impactors in red
(ρimp = 0.9 g cm−3 and ξ = 1). The top panel assumes a star
with M? = 1M and L? = 1 L, while the bottom panel uses
M? = 0.08M and L? = 5.2 × 10−4 L. The line-style is simply a
function of δGI, with the solid and dashed lines indicating that
giant impacts only dominate in atmospheres that are sufficiently
massive for the assumptions in the model to break down.
ences in the literature on the correct approach to modelling
the outcomes, which can result in qualitatively different evo-
lution.
4.3 Massive atmospheres
The prescription for the outcome of impacts used in this
paper is valid for impactors that reach the planet’s surface.
This is inevitably not the case for the smallest impactors,
which instead cause aerial bursts or fragment before reach-
ing the surface, changing their effect on the atmosphere.
This is particularly relevant for massive atmospheres, like
that of Venus, for which this can be relevant for the 10s of
km size range of planetesimals that had been predicted to
have most effect on the planet’s atmosphere. Simulations in
this regime were performed in Shuvalov et al. (2014), which
also provided a prescription to implement this in a man-
ner similar to that presented in §3.2 (see their eqs 7-11).
However, since these simulations were only performed for
an Earth-like planet, their equations 9 and 10 were not gen-
eralised to the range of planet masses being considered here.
Nevertheless, their results can be used to give a qualitative
understanding of how this would change the results.
The main consequence of aerial bursts is to change
Fig. 2 in the regime of impactors smaller than a certain
size, which means for η < ηab, where
ηab = 0.19(ρ0/ρimp)1/2(1 + ρimp/ρp)−1[(vimp/vesc)2 − 1]. (27)
There is also a narrow range of η for which fragmenta-
tion before impact is important, extending from ηab up to
ηfr ≈ 4.0ηab. Since ηab has a dependence on the density
of the atmosphere, a more massive atmosphere results in
larger planetesimals being affected. In the regime where
aerial bursts are important, this results in an increased at-
mospheric loss, i.e., a greater matmloss(D)/mimp, the level of
which scales ∝ η1/3m1/3 (among other dependencies). That
is, the level of mass loss for a given η depends on the at-
mosphere mass, which was not the case before, adding an
additional parameter to be considered in the analysis. Im-
pactor retention in this regime can be assumed to be 100%.
It is not the purpose of this paper to explore this in
detail, but it is worth noting that this prescription could
mean that atmosphere growth might stall, as atmosphere
loss becomes more efficient as the mass grows.
4.4 Application to the Solar system
Our model was already applied in §3.5 to the question of
whether the atmospheres of the terrestrial planets in the So-
lar system grow or deplete in planetesimal collisions. Here
we expand on Fig. 5 to consider the effect of a Late Heavy
Bombardment-like bombardment level on the current atmo-
spheres of the terrestrial planets (i.e., using the actual planet
properties rather than reference values) for the given as-
sumptions about asteroidal or cometary impactors (see Ta-
ble 1). Thus, Earth and Venus atmospheres grow by +39%
and +0.2% for asteroidal impactors, respectively, but both
deplete in cometary impacts, with Mercury also being de-
pleted in all impacts, and Mars depleted in cometary im-
pacts but growing its atmosphere for asteroidal impactors.
Further work would be needed to consider the implications of
this model for Uranus and Neptune, since while Fig. 5 might
suggest that neither planet should have their atmospheres
significantly enhanced with an LHB-like level of accretion,
that level refers only to that accreted onto the Earth and
both planets have vesc  vp and long accretion times sug-
gesting a low accretion efficiency, and moreover the ice gi-
ants have atmospheres that are sufficiently massive for the
prescription to be invalid.
However, the discussion in §3.5.3 already gives reason
for caution when interpreting such values, since they are
highly sensitive to the assumptions. Here we expand on this
point in Fig. 11 which shows how the change in atmosphere
mass per impactor mass accreted (i.e., ∆m/∆mac) depends
on assumptions about the impactor relative velocity (ξ) and
size distribution (α and Dmax) for asteroidal and cometary
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Table 1. Properties of Solar system terrestrial planets, and the predictions of the model for the fractional change in atmosphere mass
due to accretion of 3 × 10−5M⊕ of impactors with a size distribution α = 3.5 from 1 m up to 100 km of asteroidal (ρimp = 2.8 g cm−3,
pv = 0.02, ξ = 0.3) or cometary (ρimp = 0.9 g cm−3, ξ = 1) type.
Planet ap Mp ρp δ µ (∆mLHB,ac/m)ast (∆mLHB,ac/m)com
Venus 0.72 0.82 5.2 99 × 10−6 43.5 +0.24% -1.4%
Earth 1.0 1.0 5.5 0.85 × 10−6 29.0 +39% -16%
Mars 1.52 0.11 3.9 0.039 × 10−6 43.3 -6200% -24,000%
Figure 11. Change in atmosphere mass per accreted impactor
mass for the Solar system terrestrial planets assuming their cur-
rent properties (see Table 1). This is plotted for different assump-
tions about the impactors with the ratio of the relative velocity of
impactors to the planet’s orbital velocity (ξ) on the x-axis. The
size distribution is assumed to be a power law from Dmin = 1m up
to Dmax = 10 km or 100 km, with a slope of α = 3.0 or 3.5. Aster-
oidal impactors are those with ρimp = 2.8 g cm−3 and pv = 0.02 and
cometary impactors are those with ρimp = 0.9 g cm−3 and pv = 0.2.
The values for the assumptions used elsewhere in the paper are
shown with filled circles.
impactors (now defined only by their density and contri-
bution to the atmosphere, ρimp and pv). This shows how
changing the impactor relative velocity from ξ = 0.3 to 0.5
for asteroidal impactors and from ξ = 1.0 to 0.8 for cometary
impactors (which as noted in §3.5.1 may be a more realistic
assumption based on N-body simulations) would have re-
sulted in the opposite conclusion for the Earth, i.e., that the
atmosphere would grow in cometary impacts and deplete
in asteroidal impacts. Similarly the size distribution plays
a strong role, with atmosphere growth favoured more for
distributions with the smaller 10 km upper cut-off. This is
because impacts with 10-100 km planetesimals destroy atmo-
spheres rather than lead to their growth, so removing these
from the distribution increases ∆m/mac, although only up to
a maximum of pv, which is only reached if all of the accreted
planetesimal mass is retained and a negligible fraction of at-
mosphere lost in impacts (i.e., for low velocity collisions).
Flattening the size distribution (i.e., the thinner lines with
α = 3.0) has the opposite effect because it then places more
of the mass in larger planetesimals.
Clearly for the Solar system where the size distribution
is known for the different impactor populations, and where
these populations also have relative velocities that can be
derived from N-body simulations, the approach of using a
power law size distribution and single ξ value can inevitably
only give an approximation to the outcome of impacts. In-
stead the actual distributions should be used, though these
still have many uncertainties, particularly when considering
the early evolution of the Solar system when the bombard-
ment was greatest (e.g., Morbidelli et al. 2018). Thus the
above discussion should be taken as a caution that the out-
come will depend on what is assumed about the relative
velocities and size distribution (and moreover the prescrip-
tion for the outcome of collisions) and these all contribute to
any differences in conclusions between different authors. For
example, de Niem et al. (2012) concluded that both Earth
and Mars atmospheres should grow during the Late Heavy
Bombardment, with 300-600% growth for the Earth. Their
size distributions are close to a power law with α = 3 for
the cometary population up to Dmax = 100 km, but are more
complex for asteroids (see their fig. 5), while their distribu-
tion of impact velocities ξ have means close to 0.5 and 0.8
for asteroids and comets, respectively (see their figs. 6 and
7). These still do not explain the different conclusions which
must come down to the assumptions about the outcome of
impacts, in particular the optimistic assumptions about im-
pactor retention and the role of giant impacts discussed in
§4.2. Indeed, other authors also find atmospheric loss in im-
pacts (Zahnle 1993; Svetsov 2007; Pham et al. 2011; Pham
& Karatekin 2016).
While it remains challenging to make accurate predic-
tions for any given planet, the model can still be used to
make predictions for trends that may be observable in large
samples of planets (see §4.5).
4.5 Predictions for exoplanet population
Fig. 12 shows the population of exoplanets discovered by Ke-
pler then subsequently followed up by the California Kepler
Survey to determine their accurate radii (Fulton & Petigura
2018). In the top left of Fig. 12 the gap in this population,
where there is a dearth of transiting exoplanets with radii
∼ 1.5R⊕ is evident. This is interpreted by various authors
as evidence of photoevaporation of primordial atmospheres,
since it is only those that are sufficiently large that can sur-
vive the bombardment of high energy radiation from the
stars shortly after they reach the main sequence (Owen &
Wu 2017), although other explanations have been proposed
such as the atmospheric mass loss being caused by the lu-
minosity of the cooling rocky core (Ginzburg et al. 2018).
It is not the purpose of this section to advocate yet an-
other explanation, rather to consider the possible effect of
planetesimal bombardment on the atmospheres in this ob-
served exoplanet population, and so to determine whether
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Figure 12. Model predictions for the population of 907 exoplanets from table 4 of Fulton & Petigura (2018). The top two plots show
planet radius versus either orbital period (top left) or stellar mass (top right), and so are respectively equivalent to figs 4 and 8 of Fulton
& Petigura (2018). For each planet the colour shows the model prediction for fv as indicated in the colour bar on the right (i.e., blue is
fv > 1 meaning the atmosphere grows in impacts, brown is fv < 1 meaning the atmosphere depletes in impacts). The planets are assumed
to have a density 5.5 g cm−3, and the predictions are shown for four different further assumptions about the impactors or atmosphere,
by dividing each planet’s circle into four quadrants corresponding to the assumptions summarised in the bottom right of the top left
plot; i.e., impactors are assumed to be asteroidal (ρimp = 2.8 g cm−3, pv = 0.02) for the left quadrants and cometary (ρimp = 0.9 g cm−3,
pv = 0.2) for the right quadrants, the atmosphere is assumed to be Earth-like (δ = 0.85 × 10−6, µ = 29) for the bottom quadrants and
primordial (δ = 10−4, µ = 2.35) for the top quadrants. The bottom plots show the model predictions for the four different assumptions
identified by the colour (blue for asteroidal impactors, red for cometary impactors) and symbol (asterisk for Earth-like atmosphere, plus
for primordial atmosphere).
this may have any consequence for their observable prop-
erties. Such consideration faces an obstacle, however, since
while the radii and orbital periods of these planets have been
measured with high accuracy, and their stellar properties
reasonably well constrained, the masses of the planets are
unknown. Thus for this analysis it will be assumed that the
planets have density of 5.5 g cm−3, and so this addresses the
question of how their atmospheres would evolve if they are
rocky and their atmospheres contribute little to the observed
radius (which has been the assumption throughout this pa-
per), even though this is not thought to be the case for the
 1.5R⊕ planets (Rogers 2015).
For each planet, the model is used to predict the fv pa-
rameter that determines whether the atmosphere will grow
or deplete in planetesimal impacts for different assumptions
about the atmosphere properties (i.e., its mean molecular
weight µ and fractional mass δ) and about the impactor
properties (asteroidal or cometary as defined earlier). The
different quadrants of the circles shown for each planet are
for different combinations of these properties. It is not nec-
essary to focus on the individual quadrants to get the sense
that should be clear from the earlier discussion that the at-
mospheres of planets towards the top right of the plot are
more likely to grow in impacts (i.e., have a bluer colour and
so fv > 1) while those of planets toward the bottom left of
the plot are more likely to deplete in impacts (i.e., have a
redder colour and so fv < 1). As discussed previously, the
transition between growth and depletion (i.e., the impact
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shoreline where planets are coloured in white and so have
fv = 1) depends on the model assumptions. However, since
the most important parameter in the model is the ratio of
the planet’s escape velocity to its Keplerian velocity, for each
set of assumptions the predicted fv depends mostly on the
combination R3p .tper, where tper is the orbital period, as shown
in the bottom left of Fig. 12. Fitting a power law for each
model shows that fv ∝ [R3p .tper]n, where n is in the range
0.7 − 1 for the 4 assumptions shown.
It is noticeable that the planets that are below the gap
have atmospheres that are predicted to be depleted in im-
pacts, while those above the gap are predicted to grow sec-
ondary atmospheres in impacts. While plotting the obser-
vations in this way is not sufficient to extract information
about the shape of the gap, for which consideration of the
observational biases is required, such consideration shows
that the radius of the planet at which the gap appears de-
creases with orbital period (Van Eylen et al. 2018; Fulton
& Petigura 2018). The same is true for the transition in the
model between atmospheres that grow and deplete, i.e. the
impact shoreline which from the bottom left plot of Fig. 12
is at a radius that scales Rp ∝ t−1/3per . This consideration also
shows that the observed gap is at larger planet radius for
planets orbiting higher mass stars, which can be seen in the
top right of Fig. 12. The trend in the model predictions in
this regard is less obvious from the top right panel, so this
is considered further in the bottom right panel in which the
general trend of the bottom left panel has been removed by
assuming n = 0.84 and so plotting Rp.t1/3per . f −0.4v against stel-
lar mass. This allows to seek for an additional stellar mass
dependence (i.e., in addition to that arising through the or-
bital period) of the form fv ∝ [R3p .tper]nMγ?, since the plotted
value would be ∝ M−γ/(3n)? and so flat for γ = 0. The plotted
value can also be used to assess the planet radius at which
the fv = 1 transition would occur for a fixed orbital period,
and shows that for models with Earth-like atmospheres this
would appear at larger planetary radii for higher mass stars
(like the trend for the observed gap). However, the oppo-
site is true for models with more massive primordial atmo-
spheres.
While the model trends show some similarities to the
observed properties of the gap it should be cautioned that
this does not mean that planetesimal bombardment would
reproduce the observations (e.g., Lopez & Rice 2018). For
example, this application pushes the model into a regime
where its assumption that the atmospheres are low in mass
breaks down, and any observable consequence on the prop-
erties of the population may require an unrealistic level of
planetesimal bombardment. The most secure way of inter-
preting the model predictions in Fig. 12 is to consider the
effect of bombardment on a planet that is born with a low
mass (e.g., Earth-like) atmosphere. The prediction is that
planets below the gap would find it hard to grow a secondary
atmosphere due to impacts. However, since more massive
atmospheres have a larger fv, if they do start to grow an
atmosphere then this likely becomes easier, but this does
not address the question of whether the planet can grow
an atmosphere that is massive enough to become inflated
and so change its position on the plot and so be responsi-
ble for the gap. That would depend on the amount accreted
and on how the physics changes as the atmosphere becomes
more massive, for example the higher mean molecular weight
of a secondary atmosphere could mean that a significantly
higher fraction of the planet’s mass than a few % is required
to be accreted for it to appear inflated (e.g., by a factor of
∼ µ⊕/µ ≈ 12). But if the current model were applicable to
more massive atmospheres, its predictions for atmosphere
growth of ∆m/mac of a few % (see Fig. 5) would suggest that
bombardment levels comparable with the planet mass are
required to attain an atmosphere of a few %.
The prediction that planets below the gap cannot grow
secondary atmospheres by impacts also applies to planets
that may have lost their atmosphere due to photoevapora-
tion, since that may be the origin of the gap and bombard-
ment may continue after that process is complete. Thus it
is worth noting that the prediction is to some extent depen-
dent on the assumptions about the impacts, so that planets
just below the gap may be able to grow secondary atmo-
spheres if the impact conditions are right (i.e., some of the
planets below the gap have quadrants that are light blue in
Fig. 12). Depending on the exact slope of the gap, it could
be that planets at larger distance from the star are more
amenable to growth of impact-generated secondary atmo-
spheres (following loss of their primordial atmospheres by
photoevaporation).
The interpretation of the predictions for the effect of
bombardment on a planet that is born with a massive atmo-
sphere are less secure. However, this shows that for planets
below the gap such atmospheres would be expected to be de-
pleted, though of course only if sufficient bombardment oc-
curs. As above, if the current model were applicable to more
massive atmospheres, its prediction for atmosphere loss of
∆m/mac of order 1% (see Fig. 5) would suggest that bom-
bardment levels comparable with the planet mass would be
required to remove a few % atmosphere. For planets above
the gap, their atmospheres would be expected to grow in
impacts, and to become more volatile-rich. If future obser-
vations show their atmospheres to be volatile-rich then this
model would support planetesimal impacts being one possi-
ble origin for the volatiles. It must, however, be noted that
volatile-rich atmospheres may also be replenished by out-
gassing (as may be the case for Mars for example, Craddock
& Greeley 2009), a process that is not considered here.
4.6 Implications for life
With the origin of life on Earth still debated, uncertainty
in extrapolating to other planetary systems is unavoidable.
However, impacts are often considered to play a positive role,
for example by delivery of organic molecules or their syn-
thesis in impact shocks (Chyba & Sagan 1992; Patel et al.
2015), or by the delivery of water to otherwise dry plan-
ets (e.g., Chyba 1990). Though impacts may also inhibit
the further development of life (Maher & Stevenson 1988).
Since the Earth’s evolution was evidently conducive to the
development of life, then if we make the anthropocentric
assumption that a similar evolution in terms of a planet’s
atmosphere might be similarly conducive to life, the results
from this paper can be used to make relative statements
about whether planets in the habitable zones of other stars
would be more or less conducive to the development of life.
Fig. 13 shows the change in atmosphere mass for an
Earth-like planet in the habitable zone of stars of different
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Figure 13. Change in atmosphere mass per accreted impactor
mass for Earth-like planets (1M⊕ with a 0.85×10−6M⊕ atmosphere
with µ = 29) in the habitable zone of stars of different luminosity
(i.e., ap =
√
L?, assuming M? ∝ L1/3? ). This is plotted for dif-
ferent assumptions about the impactors. The size distribution is
assumed to be a power law from Dmin = 1m up to Dmax = 10 km
or 100 km, with a slope of α = 3.0 or 3.5. Asteroidal impactors are
those with ρimp = 2.8 g cm−3, pv = 0.02 and ξ = 0.3, and cometary
impactors are those with ρimp = 0.9 g cm−3, pv = 0.2 and ξ = 1.0.
luminosity. Here it has been assumed that L? = M3? (for
units of L and M), and the habitable zone is simply taken
as the distance at which its temperature is 278 K so that
ap =
√
L? (see e.g. Kopparapu et al. 2014, for a more detailed
definition). It then considers the fractional change in the
atmosphere for different assumptions about the impacting
planetesimals. This shows that there is a general tendency
for habitable planets around lower luminosity stars to be
more susceptible to having their atmospheres depleted in
collisions, which is true regardless of the assumption about
the impacting planetesimals. This is because the habitable
zone is closer in for lower luminosity stars, which even when
accounting for the slower orbital velocity due to the lower
stellar mass, results in higher collision velocities and so more
destructive impacts (for the given assumptions the collision
velocity in the habitable zone scales ∝ M−1/4? ).
There is already much discussion about the habitabil-
ity of planets around low mass M stars (e.g., Shields et al.
2016), since close-in planetary systems are common around
such stars, and the proximity of the habitable zone to low
luminosity stars makes these planets relatively easy to de-
tect and further characterise using transit observations (e.g.,
de Wit et al. 2018). However, it was shown that such plan-
ets that end up in the habitable zone would have exceeded
the runaway greenhouse threshold on the pre-main sequence
and so would have lost any water (Ramirez & Kaltenegger
2014), which is confounded by issues such as the high inci-
dence of flares on low mass stars that would be detrimental
to habitability (Vida et al. 2017; Tilley et al. 2019), and the
likelihood of these habitable zone planets to be tidally locked
to the host star with consequences for atmospheric dynamics
(Kopparapu et al. 2016). Impacts could provide a potential
solution to some of these issues, by delivering a secondary at-
mosphere and water to the planets. However, Fig. 13 shows
that, at least as long as the impacting planetesimals have
similar properties to those hitting the Earth, impacts are
more likely to destroy the atmosphere of a habitable zone
planet around a low mass star than to replenish it. For-
tunately the impacting planetesimals may have a different
impact velocity distribution, so that habitable zone planets
could still grow substantial atmospheres as was found for
the TRAPPIST-1 planets by Kral et al. (2018).
In any case, it might be noted that planets in the hab-
itable zones of higher mass stars may be more susceptible to
the growth of a secondary atmosphere in impacts. Although
the fact that the lines are relatively flat on Fig. 13 (at least
for certain assumptions) could also be taken to infer that
the atmospheres of Earth-like habitable zone planets do not
suffer significantly different fates to the Earth as a result of
impacts. However, a strong conclusion on this would require
knowledge of the possible impacting planetesimal popula-
tion, which may be systematically different around stars of
different spectral type. There is also the caveat that water
could be retained in the magma ocean during formation and
outgassed later on (Peslier et al. 2017; Ikoma et al. 2018),
so that an Earth-like impact history may not be a necessary
requirement for the development of life.
5 CONCLUSION
This paper has developed a model for the evolution of plane-
tary atmospheres due to planetesimal impacts that accounts
for both stripping of the atmosphere and the delivery of
volatiles. It is based on a suite of simulations of impacts that
covers a wide range of planetary atmosphere and impacting
planetesimal properties. The implications of the model for
the atmosphere evolution of planets in different regions of
parameter space is discussed, and the relative simplicity of
the parameterisation means that it is possible to understand
both qualitatively and quantitatively the dependence of the
outcome on the different input parameters (i.e., the impact-
ing planetesimals’ densities, volatile fractions and impact
velocities, as well as the planet mass, orbital distance and
atmospheric mass and composition, and the stellar proper-
ties).
The conclusion is that planets are divided in planet
mass vs semimajor axis parameter space into those with
atmospheres that deplete in impacts (if they are close to
the star and/or low in mass) and those that can grow sec-
ondary volatile-rich atmospheres (if they are far from the
star and/or high in mass). The dividing line, or impact
shoreline, is parallel to one of constant ratio of orbital ve-
locity to escape velocity, and is analogous to the cosmic
shoreline discussed in Zahnle & Catling (2017) that was in-
terpreted as a consequence of irradiation. The location of
the impact shoreline depends on assumptions about impact-
ing planetesimals, and for different (reasonable) assumptions
there is more than an order of magnitude spread, say in
terms of its location in planet mass for a given orbital dis-
tance. For Sun-like stars, a planet with properties like the
Earth would sit near the shoreline.
Impact driven atmosphere evolution is dominated by
the combined effect of accreting 1-20 km planetesimals, so
as long as the size distribution extends beyond this range,
the conclusions are largely independent of the size distribu-
tion. However, the model presented herein is based on sim-
MNRAS 000, 1–23 (2019)
Susceptibility of planetary atmospheres to mass loss and growth by planetesimal impacts 21
ulations appropriate for low mass atmospheres, and further
development is needed to consider the situation for massive
atmospheres for which such planetesimals would undergo an
aerial burst (rather than be destroyed on reaching the planet
surface). As in previous studies, giant impacts are found to
have little effect on atmosphere evolution unless the atmo-
sphere is a significant fraction of the planet mass, though
they may introduce an element of stochasticity when im-
pactors are comparable in mass to the planet.
Applying the model to the Solar system terrestrial plan-
ets shows that whether the Earth’s atmosphere grows or
depletes in impacts is strongly dependent on the distribu-
tion of impact velocities and impactor properties. Further
discussion of this is deferred to a later paper where these
distributions can be considered in more detail.
Application to the population of transiting exoplanets
discovered by Kepler shows that the gap in the planet radius
distribution is roughly coincident with the dividing line (im-
pact shoreline) between planets with atmospheres that grow
and deplete in collisions. The dependence of this dividing
line on orbital distance and stellar mass is also similar to that
observed. It seems unlikely that bombardment levels would
have been sufficient to be responsible for the gap, either by
depleting the primordial atmospheres of the smallest plan-
ets, or by growing substantial secondary atmospheres for
the most massive planets, since this would require bombard-
ment by a mass comparable to the planets (and even such
high bombardment levels may not be sufficient). However, it
must be remembered that the predictions of the model are
inaccurate for planets with atmospheres as massive as those
inferred for planets above the gap (i.e., a few % of the planet
mass). Nevertheless, this coincidence shows that the effect of
impacts onto planetary atmospheres deserves further consid-
eration. It is also possible to draw firmer conclusions about
planets below the gap, for example, that if these atmospheres
were depleted by stellar irradiation, then they would be un-
likely to grow a secondary atmosphere in impacts, except
for those just below the gap and for certain conditions on
the impacting planetesimals. Consideration of planets in the
habitable zone of stars of different mass shows that impacts
are more harmful for those of lower mass stars (see also Kral
et al. 2018). Thus if an Earth-like bombardment, and its ef-
fect on the Earth’s atmosphere, was a requirement for the
development of life, this may give cause to disfavour M stars
as the hosts of life-bearing planets. However, without consid-
eration of the impactor populations, or of the other factors
relevant to the evolution of the conditions on the planetary
surface, this cannot be a strong conclusion.
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Table A1. Summary of parameters used in the paper and their units.
Parameter Units Meaning
ap au Planet semimajor axis
D m Impactor diameter
DGI m Impactor diameter above which giant impacts dominate atmosphere mass loss
Dmin m Minimum impactor diameter
Dmax m Maximum impactor diameter
fv Ratio of gain of atmosphere mass due to impactor retention to mass loss in impacts
H m Atmospheric scale height
L? L Stellar luminosity
M? M Stellar mass
Mp M⊕ Planet mass
m M⊕ Total atmosphere mass
Ûm− M⊕ s−1 Atmospheric mass loss rate
Ûm+v M⊕ s−1 Rate at which atmosphere gains volatiles due to impactor retention
minc M⊕ Total mass of impactors put on planet crossing orbits
mac M⊕ Total mass of impactors accreted by the planet
matmloss(D) M⊕ Atmospheric mass lost in impact with impactor of diameter D
mimpacc(D) M⊕ Mass of impactor of diameter D that is retained by planet
matmloss M⊕ Atmospheric mass lost integrated over the impactor size distribution
matmlss,GI M⊕ Atmospheric mass lost by giant impacts integrated over the impactor size distribution
mimpacc M⊕ Impactor mass retained by planet integrated over the impactor size distribution
m0 M⊕ Total initial atmosphere mass
mp M⊕ Mass of primordial component of atmosphere
mv M⊕ Mass of volatile (secondary) component of atmosphere
mimp M⊕ Mass of impacting planetesimal
n(D)dD Number of impactors in size range D to D + dD
pv Fraction of retained impactor mass that goes into the atmosphere
q au Pericentre distance of impactor orbit
Rac s−1 Rate at which impactors collide with the planet
Rej s−1 Rate at which impactors are ejected by the planet
Rdyn s
−1 Rate at which impactors are removed dynamically from planet-crossing orbits
Rp m Planet radius
T K Temperature of planet atmosphere
t s Time
t0 s Time for atmosphere to deplete in absence of volatile replenishment, t0 = m0/ Ûm−0
tbare s Time for atmosphere to be completely depleted
tper day Orbital period
vimp m s−1 Impact velocity
vp m s−1 Planet’s orbital velocity
vesc m s−1 Planet’s escape velocity
x Parameter equal to (mimp/Mp)(vimp/vesc)
α Power law index of impactor size distribution
δ Ratio of atmosphere mass to planet mass
δ0 Ratio of initial atmosphere mass to planet mass
δGI Ratio of atmosphere to planet mass above which giant impacts dominate evolution
η Parameter that for a given planet and scenario scales with impactor size cubed
ηab Defines the smallest planetesimal that does not undergo aerial burst before impact
ηmaxret Defines the largest impacting planetesimal whose mass can be retained by the planet
ηtr Defines the smallest planetesimal that does not fragment in atmosphere before impact
µ Mean molecular weight of atmosphere
ξ Averaged ratio of planet-impactor relative velocity to planet orbital velocity
ρ0 g cm
−3 Atmosphere density at surface
ρp g cm−3 Planet density
ρps g cm−3 Density of the planetary surface
ρimp g cm−3 Impactor density
χa Parameter used to determine atmospheric mass loss in collision
χpr Parameter used to determine impactor retention in collision
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